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Recent progress in Si/TisCoT, MXene anode
materials for lithium-ion batteries

Xinyu Jiang," Chaoyang Tang,” Xinchi Zhou," Jiwei Hou,”* Shan Jiang,>* Leichao Meng,** and Yi Zhang'*

SUMMARY

Cardiovascular diseases (CVDs) are a major global health issue, causing significant morbidity and mortality
worldwide. Early diagnosis and continuous monitoring of physiological signals are crucial for managing
cardiovascular diseases, necessitating the development of lightweight and cost-effective wearable de-
vices. These devices should incorporate portable energy storage systems, such as lithium-ion batteries
(LIBs). To enhance the durability and consistency of the monitoring systems, there is a need to develop
LIBs with high energy density. Silicon-based materials hold great promise for future LIBs anodes due to
their high theoretical capacity and cost-efficiency. Despite their potential, silicon-based materials
encounter challenges like substantial volume fluctuations and sluggish kinetics. Transition metal carbide,
MXene, features a two-dimensional structure, offering advantages in silicon-based anode materials. This
review initially presents the potential of silicon-based anodes and then addresses their challenges. Subse-
quently, the advantages of MXene are systematically reviewed, including unique structure, abundant sur-
face functional groups, excellent electrical conductivity, and excellent ion transport performance. Next,
the detailed discussion covers recent advancements in Si/TizC,T, MXene anode materials for LIBs, with
a focus on their synthesis methods. Finally, the challenges and future perspectives of synthesizing
Si/Ti3C,T, nanocomposites are examined, aiming to provide a foundational resource for designing
advanced materials for high-energy LIBs.

INTRODUCTION

Cardiovascular diseases (CVDs) are a major global health concern, causing significant morbidity and mortality.'? Early diagnosis and contin-
uous monitoring are crucial for effective CVD management. Traditional diagnostic and monitoring methods, such as clinical examinations and
static medical devices, have their advantages but are limited in terms of real-time monitoring and convenience. Wearable devices have
emerged as an important tool to address this issue due to their characteristics of being lightweight, user-friendly, and cost-effective.”™ Wear-
able devices can monitor various physiological parameters related to cardiovascular health, such as heart rate, heart rhythm, blood oxygen
saturation, and activity levels. These devices continuously record data, which they can wirelessly transmit to cloud services or smartphone
applications, allowing healthcare providers or users to view and analyze the data in real time.” Multifunctional wearable devices require
high-performance lithium-ion batteries (LIBs) to supply power. To improve the durability and consistency of wearable device monitoring sys-
tems, it is necessary to develop LIBs with high energy density.

Energy storage mainly relies on devices like supercapacitors and batteries.” LIBs are preferred for their high energy density, long life, and
low environmental impact, but improving capacity and charging is the key. Graphite, the common negative electrode, has low capacity
(~372 mAh-g~"), while silicon offers much higher capacity (4,200 mAh-g~") but faces issues like poor conductivity and volume changes.
To solve this, silicon is combined with materials like carbon and MXene to improve performance. Silicon offers much higher capacity than
graphite for LIB anodes, with a theoretical capacity of 4,200 mAh~g*1, abundant resources, and a suitable working potential. However, its
use is limited by poor cycling stability and rate capability due to volume changes during charge/discharge, which damage the electrode
and degrade performance.®'*

To reduce silicon’s volume changes during charging, researchers add inert or low-expansion materials like Sn, Ag, TiN, SiC, and C, which
improve conductivity.>™'? Composite silicon reduces charge-discharge issues, but exposed silicon still causes solid electrolyte interface (SEI)
film growth. Encapsulating silicon electrodes forms SEI films on a protective layer, improving capacity and cycling performance.”** As shown
in Figures TA-1C, Gao et al. introduced an in situ encapsulation technique for Si nanoparticles, resulting in the formation of a metal-organic
framework (MOF) carbon shell.* Si nanoparticles are evenly dispersed in a porous carbon shell from MOF, allowing effective lithium ion
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Figure 1. MXene has higher conductivity and stability compared to carbon coating

(A) Steps for creating Si@c-ZIF, from solution to final product; (B and C) TEM images of Si@c-ZIF at different magnifications; (D) Cycling tests of Si@c-ZIF starting at
500 mA g’1 and increasing to 5000 mA- 97135 Copyright 2020 Elsevier; (E) Schematic of Si/MXene composite; (F) Cross-sectional SEM image; (G) Cycling stability
comparison between Si/MXene and pure Si anodes at 200 mA-g~"** Copyright 2019 American Chemical Society.

diffusion and reducing electrolyte exposure. After 1,000 cycles, the composite electrode retains a reversible capacity of 820 mAh-g~' at 5
A-g~" While carbon coatings improve silicon anode conductivity, they still fall short of MXene's superior conductivity, which enhances overall
battery performance. MXene's functional groups (-OH, —F, and —O) form strong bonds with silicon, boosting mechanical stability and electro-
chemical performance. Its excellent conductivity and lithium-ion diffusion rate compensate for silicon’s limitations. In Figure 1E, Tian et al.
demonstrated this by preparing Si/MXene paper using single-layer MXene mixed with silicon nanoparticles.” The cross-sectional scanning
electron microscopy (SEM) image (Figure 1F) of Si/MXene depicts silicon nanoparticles randomly dispersed within parallel MXene layers,
enhancing ion transport throughout cycling. Figure 1G shows that, compared to pure silicon particles, Si/MXene exhibits improved cycling

performance over multiple cycles at 0.2 A-g~".

ADVANTAGES OF MXene

MXene, a two-dimensional (2D) transition metal carbide/nitride, has the formula M, 1X,T,, derived from the precursor MAX with the formula
M +1AX,,, where A denotes a group Il or IV element (Al, Sn, Si, Ge, etc.). To date, over 70 types of MAX precursors have been reported,
yielding more than 30 types of MXene.”’~*? MXene, initially identified by researchers at Drexel University in 2011, has since become a focal
point of interest within the scientific community.*® The structure of MXene is similar to graphene, but with an oxide layer between the metal
atoms, enabling interlayer delamination of the metal carbide. This delamination can be achieved through various chemical treatments, such
as acid treatment.** MXene's unique properties, such as its 2D layered structure, abundant surface functional groups, excellent conductivity,
and ion transport capabilities, make it an ideal electrode material.

Unique 2D layered structure

To understand MXene's properties, it's important to examine its 2D layered structure. The precursor MAX phase has alternating MX and A
layers, and after etching to remove the A layers, the MXene retains a similar structure to the original MAX phase. In TizAlC,, the etched MXene
preserves the alternating Al and TisC, layers, with Ti atoms densely packed and C atoms in body-centered positions. This layered structure

gives MXene high surface area, flexibility, and numerous active sites.” >/

2 iScience 27, 111217, November 15, 2024



iScience ¢? CellPress
OPEN ACCESS

A 2 B
Ti;AIC, TisC, i
HF bt
~ >
etching
/
LiOH | alkalization c
\ g 'E 3600[rmemerrserrmsssssssssrmmrrssssmntorn] 100
G_ [ 4/ v PYPSN(VI@TIC, DischargeCharge { S
SnC|4 eT) 2 30001} & Sn(V)@Ti,C, Discharge 808
’8 E2a0| & Tig,Discharge 2
:H 2 fo - PVP-S(V)@TI,C, Columbic Efficiency | 60
@ 1800 i
e § w0l
PVP ol Q12001 a2
LR > graphite |Ilcn‘oi. E
- j L i | R — 4205
alk'T|302 g [Pl 8
&
0
i} 0
O eyl number %
D E __ - F G
d —— Experimental data " cis
= Fiing data nz il
10 Ti,C,T,G0
| TihC,T,/GO - gfw
3 3| i oc=0
s S|l muco
z 2
E 2
H 2
w s e s s e e w2 me me e m @
Binding Eneray (eV) Binding Eneray (eV)
H J 200
—— Experimental data O1s B 100A
—— Fitting data _ 160 R
-_— Ti\C.T,/GO = 3
5 CTI(OH), S 120 $
H 0=C-0H Ti,C,T,/GO < H
£ 2 80 §
2 S a
] g €
= 8 40 Current density 2.5 A g L2o 2
3
o
s sa sz sw | sm | s% P PR PR P 0 T T T T 0
Binding Energy (eV) Cycle number 0 400 800 1200 1600 2000

Cycle number

Figure 2. MXene has a unique layered structure and a rich variety of functional groups

(A) Production steps for PVP-Sn(IV)@ Ti3C, nanocomposites; (B) SEM images of TisC, nanosheets; (C) Cycling performance at 0.1 A~g’MB Copyright 2016
American Chemical Society; (D and E) TEM images of TisC,T,/GO; (F-H) High-resolution XPS spectra of TizC,T,/GO (Ti 2p, C 1s, O 1s); (I) Cycle properties of
Ti3C,T, and TisC,T,/GO composites; (J) Cycling stability of TizC,T,/GO composites at 2.5 A-g~"*? Copyright 2023 Royal Society of Chemistry.

Luo et al. utilized Sn** to modify the complex chemical surface microenvironment of TisC,T, MXene.*® As shown in Figures 2A-2C, with the
aid of polyvinylpyrrolidone (PVP) as a surfactant, PVP-Sn(IV)@Ti3C, composite material was prepared via intermolecular electrostatic attrac-
tion, and it served as the negative electrode for LIBs. The 2D layered structure of Ti3C,T, MXene enhances the electrode material’s electron
and ion conductivity, manages Sn(lV)'s volume changes during electrochemical reactions, and boosts the overall capacity. Due to the syner-
gistic interaction and the “pillar effect” of Sn(IV) within the Ti3C,T, MXene framework, the PVP-Sn(IV)@Ti3C, composite material achieved a
volumetric capacity of 1375 mAh-cm™ at a current density of 216.5 mA cm™ and a mass capacity of 635 mAh-g~" at 100 mA g~

Abundant surface functional groups

MXene materials have surface groups like -OH, -F, and -O, enabling tunable properties, better material compatibility, and functionalization
for applications in catalysis, sensing, and adsorption. These groups also improve dispersibility and stability, making MXene easier to use in
coatings, films, and composites.bo’53

As depicted in Figures 2D and 2E, Wang et al. utilized a high-energy ball milling self-assembly technique to process TisC,T, MXene nano-
sheets and graphene oxide (GO) under vacuum conditions. GO serves as a link between Ti3C,T, MXene nanosheets in the composite, buff-
ering the mechanical shear force during ball milling, preventing structural damage to the nanosheets, and improving structural stability during
lithium processing.’” Figures 2F-2H demonstrate the chemical bonds formed by the abundant functional groups between GO and Ti;C,T,
MXene, which can construct TisC,T,/GO composite materials with strong interfacial interactions, effectively enhancing ion and electron trans-
port at heterogeneous interfaces, improving their electrochemical behavior. In Figures 21 and 2J, after 500 cycles at 0.5A- g™, the TizC,T,/GO
composite electrode exhibits significantly greater capacity compared to TizC,T, MXene alone. At 2.5 A-g~", the reversible capacity after
2,000 cycles is 116.5 mAh-g~", with an outstanding capacity retention rate of 116.6%.

Excellent conductivity

MXene materials exhibit outstanding quasi-metallic conductivity, with an electrical conductivity higher than that of graphene. The theoretical
electron mobility can reach 10% cm?/(V-s), whereas grapheneis only around 2 X 10° cm?/(V-s). The unique structure and chemical composition
of MXene impart excellent conductivity.”%°
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Figure 3. MXene exhibits excellent conductivity and outstanding ion transport properties

(A) Schematic showing the preparation process of Fe30,@Ti3C, hybrids; (B) Fe304@TisC, and TisC, electrodes’ specific capacities across various charge/
discharge rates, including 0.5C, 1C, 2C, 5C, 10C, and 0.5C; (C) EIS diagrams comparing Ti3Cy, Fe3O,, and Fe304@ TizCy-2:5 electrodes, with an inset in
Figure 4C displaying an equivalent circuit diagram model; (D) Long-term cycling performance of Fes0,@ TisCy-2:5 at 5C°’ Copyright 2018 Royal SOC
Chemistry; (E) Schematic illustrating the straightforward self-assembly of TMO nanostructures (TiO, nanorods and SnO, nanowires) on MXene nanosheets in
THF via van der Waals interactions; (F, H, and J) Nyquist plots, cycling performance (at a current density of 500 mA g~"), and rate capabilities of TiO,
nanorods, MXene nanosheets, and TiO,/MXene heterostructures; (G, I, and K) Nyquist plots, cycling behavior (current density = 1000 mA 9—1)' and rate
capabilities of SnO, nanowires, MXene nanosheets, and SnO,/MXene heterostructures®® Copyright 2018 WILEY-VCH.

Wang et al. synthesized a series of Fe304@Ti3C, composite materials through simple ultrasonication.®” Benefiting from TisC,T, MXene's
excellent conductivity and Fe3O4's remarkable lithium storage performance, the electrochemical properties of the Fe30,@Ti3C, composite
materials outperformed those of pure Fe30,4 or TizC,T, MXene alone, as shown in Figures 3A-3C. In Figure 3D, using the Fe30,4@Ti3C, com-
posite material at a 2:5 mass ratio as the negative electrode maintained a reversible capacity of 278.3 mAh-g ™" after 800 cycles at 5C. TisC,T,
MXene, acting as both the electrochemically active material and conductive matrix, remains pivotal in Ti3C,T,-based lithium-ion battery elec-
trodes, making it an attractive choice.

Excellent ion transport performance

The 2D structure of MXene materials allows ions to diffuse and transport rapidly on its plane, thereby enhancing the rate of ion transport.
Additionally, MXene materials typically possess abundant surface functional groups, which can adsorb ions and provide additional ion trans-
port pathways, further facilitating ion transport.**7~"¢

In Figure 3E, Liu et al. demonstrated the assembly of TiO, nanorods and SnO, nanowires onto MXene nanosheets through van der Waals
forces.®® The nanostructures serve as insulators to prevent MXene nanosheet restacking, thus preserving active sites. Simultaneously, this
structure facilitates rapid lithium-ion transport, enhancing the material’s electrochemical performance. Results in Figures 3F-3K show that
the obtained TiO2/MXene and SnOz/MXene heterostructures exhibit superb cycling stability and rate capability.

MXene greatly improves silicon anodes in LIBs by mitigating volume expansion with its conductivity and stability. Combining MXene with
silicon enhances structural stability, ion transport, and electrochemical performance, improving cycle stability and capacity retention. It shows
strong potential for future high-performance LIBs. Although MXene shows great potential for high-performance LIBs, it faces challenges in
practical use. Its current preparation process is complex and costly, making large-scale production difficult. To overcome this, developing
safer, more eco-friendly synthesis methods, such as using hydrochloric acid and sodium fluoride instead of hydrofluoric acid, can reduce risks
and simplify production. Additionally, MXene is highly prone to oxidation, which degrades its performance, so it must be stored in sealed, dry,
and light-protected conditions.
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Figure 4. Mechanical ball milling and ultrasonic mixing are used to prepare composites

(A) lllustration of the synthesis steps for MSC composites; schematic depiction of the mechanochemical process involving ball-milling MXene with Si and CNT to
yield MSC composites; (B) TEM images showing the MSC-60 composite, comprising MXene, Si, and CNT; (C) High-resolution XPS spectra of Si 2p after Ar* ion
sputtering; (D) Cycling performance and Coulombic efficiency of various composites’” Copyright 2019 American Chemical Society; (E) Schematic of Si@TisC,
nanocomposite preparation; (F) X-ray diffraction (XRD) patterns of Ti3C,, Si nanoparticles and Si@Ti3C, nanocomposite; (G) SEM images of Si@Ti;C,
nanocomposite; (H) Cycling performance at 0.2 A-g~""® Copyright 2018 Elsevier.

SYNTHESIS OF SI/MXene COMPOSITE MATERIALS

Silicon is a promising negative electrode material for lithium-ion batteries due to its high capacity, but its volume changes during charge/
discharge limit its use in commercial batteries. Researchers are exploring composite materials to improve the stability and cycling
performance of Si electrodes. MXene, with its excellent conductivity and stability, offers a solution. By physically dispersing nanoscale
Si particles on MXene or embedding them between layers, volume expansion can be reduced and conductivity improved. Chemical
modifications can further enhance Si-MXene interaction, preventing particle aggregation and improving cycling stability and
performance.

Physical composite

Through physical synthesis methods, Si nanoparticles are uniformly dispersed, resulting in high specific capacity and rate performance. As
shown in Figure 4A, Liu et al. prepared MXene-Si-CNT composite materials through simple ball milling. Transmission electron microscopic
(TEM) images in Figure 4B reveal the close integration of silicon particles with the surfaces of MXene and carbon nanotubes (CNTs).”” Fig-
ure 4C shows silicon particles bond with MXene and CNTs, enhancing the cycling stability of the composite material. Figure 4D demonstrates
that the MXene-Si-CNT (MSC) composite, containing 60wt % silicon, outperforms others, maintaining about 80% capacity after 200 cycles. As
depicted in Figures 4E-4H, Kong et al. synthesized Si/MXene composites via ultrasonic mixing, with silicon nanoparticles coating the Ti3C,
substrate surface and integrating into the multilayer structure.”® The preparation of TizC; in this method is simpler than that of graphene,
resulting in improved electrochemical performance. At0.2 A-g~', the reversible capacity remains at 188 mAh-g~" after 150 cycles, attributed
to enhanced Si-TizC, contact.

Zhang et al. used vacuum filtration to create flexible, self-supporting, binder-free porous silicon (pSi)/MXene-2:1 composite film
(pSi/MXene 2:1 films) as LIB anodes, as shown in Figure 5A.”? Figure 5B shows that pSi has a flake-like structure, derived from layered mont-
morillonite, which facilitates the reduction of ion transport distance. Furthermore, the pSi/MXene-2:1 film exhibits remarkable mechanical
flexibility, with its structure containing voids that can accommodate volume expansion during cycling. Leveraging these structural benefits,

iScience 27, 111217, November 15, 2024 5
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Figure 5. Vacuum filtration and spray drying are used to prepare composites

(A) Schematic illustration for the preparation of pSi/MXene-2:1 film; (B) cross-section SEM of pSi/MXene-2:1 film; (C) Cycling performance comparison of
pSi/MXene films with varied mass ratios and pSi anodes at 0.5 A-g~""? Copyright 2023 Elsevier; (D) Schematic of spray dryer setup for MXene-SiNP
crumpling, with SEM image of crumpled product.; (E-G) SEM images depict three spray-dried mixtures: MX/Si ratios of 68/32, 50/50, and 32/68 by weight.
The inset histograms illustrate the distribution of crumpled particle sizes; (H) Rate performance of MX/Si = 32/68 electrode containing 5 wt % PVDF; (I) The
galvanostatic cycling performance of both crumpled and non-crumpled MX/Si = 32/68 electrodes was compared. The inset provides a magnified view of the
Coulombic efficiency versus cycle number for the initial 50 cycles™ Copyright 2021 American Chemical Society.

Figure 5C illustrates the consistent cycling stability of the pSi/MXene-2:1 film anode over 200 cycles, maintaining a capacity of 1039.3mAh-g ™"
at500 mA g~ Sarang et al. used the spray drying technique to prepared Si/MXene composite materials with a core-shell structure. The wrin-
kled particles for the anode, depicted in Figure 5D,%° and SEM images in Figures 5SE-5G demonstrate that different MXene/Si ratios all exhibit
Si nanoparticles encapsulated by wrinkled MXene. Figures 5H and 5| showcase the impressive rate performance and cycling stability of the
composite material at an electrode loading of 1.5 mg cm™2. By the 200th cycle, the composite attains a total specific capacity of 550 mAh-g ™’
under a total current density of 1.7 A-g~".

Doping silicon/MXene composites with other elements is a common strategy to improve properties like conductivity, chemical stability,
and ion transport. This optimization enhances their effectiveness in energy storage and conversion applications, such as in LIBs. Jiang et al.
employed a simple coaxial electrospinning method to craft core-shell MXene/Si@C nanofibers, as illustrated in Figure 6A.2! These nanofibers
provide several distinctive structural benefits that enhance the performance of silicon particles. Figures 6B and 6C demonstrate that MXene
nanosheets function as conductive substrates, effectively linking silicon particles and carbon shells to create a conductive network. This
network facilitates rapid charge transfer and lithium-ion migration. The sturdy carbon shell and MXene nanosheets collaboratively manage
the significant volume expansion of silicon during charge and discharge cycles, ensuring the structural stability of the electrode. Figures 6D
and 6E illustrate that the resulting negative electrode material demonstrates excellent electrochemical performance, achieving a high capac-
ity of 1083 mAh-g~" at 0.1 A-g~" and impressive rate performance of 301.1 mAh-g~" at a current density of 2 A-g™". In Figures 6F-6L, Yang
et al. developed a stable Si/Ti3C,T, MXene composite material using a straightforward freeze-drying method. They bonded silicon nanopar-
ticles to -=NH, groups, purportedly imparting a positive charge to the silicon surface, which allows for electrostatic self-assembly with nega-
tively charged MXene nanosheets.®” Anchored on the surface or within the gaps of MXene nanosheets, silicon nanoparticles enhance the
composite material’s conductivity. The NH,-Si/MXene composite features a stable porous structure, providing extra space for silicon expan-
sion and ample channels for charge carrier transport. After 100 cycles at 200 mA g™, this composite material achieves a discharge capacity of
1203.3 mAh-g~', and at a current density of 2 A-g~", it maintains a capacity of 1046.1 mAh-g~".

Despite the advantages of physical methods, such as simplicity of process, ease of operation, and suitability for large-scale production,
they also face certain challenges. For instance, high-energy ball milling consumes a significant amount of energy, which increases production
costs, and physical methods cannot achieve precise control over the material.

6 iScience 27, 111217, November 15, 2024
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Figure 6. Coaxial electrospinning and freeze drying are used to prepare composites

(A) A schematicillustrating the preparation process of core-shell MXene/Si@C nanofibers; (B and C) SEM images of MXene/Si@C-700; (D) Cycling performance of
MXene/Si@C-700, Si/C and Mxene; (E) Comparison of the rate performance among MXene/Si@C-700, Si/C nanofibers, hollow Carbon Nanofibers (CNFs), and
MXene®' Copyright 2021 Royal Society of Chemistry; (F) Schematic illustrating the synthesis process of NH,-Si/MXene composites; (G and H) TEM images of NH,-
Si3/MXenel1 composites; (I and J) corresponding high-resolution XPS spectra of Ti 2p and N 1s; (K) Cycling stability comparison among NH,-Si1/MXenel,
NH,-Si3/MXene1, NH,-Si5/MXenel, MXene, and Si negative electrodes at 200 mA g~ '; (L) Rate capacity comparison of NH,-Si1/MXenel, NH»-Si3/MXenel,
NH,-Si5/MXenel, MXene, and Si negative electrodes at different specific currents®” Copyright 2023 MDPI.

Chemical composite

Chemical synthesis offers finer control over the structure, shape, and composition of composite materials compared to physical synthesis.
Additionally, chemical methods can achieve nano-level composites of Si and MXene, enhancing lithium-ion diffusion rates and thereby
improving battery performance and cycle life.

As shown in Figures 7A-7D, Li et al. first modified silicon with hexadecyl trimethyl ammonium bromide. Subsequently, they compounded it
with Ti3C,T, MXene nanosheets and synthesized a three-dimensional Si/TizC,T, MXene composite material via a hydrothermal reaction in an
alkaline environment.”* Compared to physical synthesis, chemical synthesis provides more precise control over the structure, morphology,
and composition of composite materials. The outer MXene layer facilitates quick electron transfer and ion migration while also buffering vol-
ume changes. Crucially, the dual MXene wrapping design helps to form a stable SEI film by preventing direct contact between Si and the
electrolyte. The composite material initially achieves a capacity of 574 mAh-g~" at 5 A-g~". After 200 cycles at 0.5 A-g™", it retains a high
capacity of 1422 mAh-g~', indicating excellent cycling stability and rate performance. In Figures 7E-71, Yang et al. prepared silicon-distrib-
uted Si/MXene composite materials using a simple and effective electrostatic assembly method.®* The incorporation of silicon nanoparticles
prevents Ti3C, nanosheets from restacking, yielding a composite material with mesopores and significantly increased surface area compared
to pure Ti3Cy, thus providing more active sites. X-ray photoelectron spectroscopy (XPS) analysis reveals that the structure of TisC, remains
preserved after Si NP deposition. After 200 cycles at 1 A-g~', the capacity remains at 1342.8 mAh-g~". Even at a high current density of
3 A-g~", the capacity remains stable at 1515.8 mAh-g~".

Jo et al. chemically bonded Polydopamine (PDA)-coated Si nanoparticles with MXene, followed by heat treatment under inert atmo-
sphere to prepare Si@N-doped carbon/Mxene (SI@NC/MXene) composite material, as shown in Figure 8A.%° The magnified TEM image in
Figure 8B reveals the close interaction between few-layer MXene nanosheets and NC-coated Si nanoparticles through chemical bonding,
which results in a higher surface area for the SI@NC/MX composite material compared to SI@NC composite material, as depicted in Fig-
ure 8C. This composite material features pore structures smaller than 10 nm, attributed to the interlayer spacing of MXene nanosheets. The
presence of SI@NC nanoparticles on the MXene nanosheets prevents restacking and enhances the surface area. Consequently, the com-
posite material exhibits a high reversible capacity of 953 mAh-g~" after 300 cycles at 1 A-g~", as shown in Figure 8D. In Figure 8E, Liu et al.
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Figure 7. Hydrothermal and electrostatic assembly are used to prepare composites
(A) Synthesis process schematic for SINP@MX1/MX2; (B) TEM images of SINP@MX1/MX2; (C) Rate performance at different current densities; (D) Extended
cycling stability at 0.5 A-g~"®* Copyright 2020 American Chemical Society; (E) Schematic illustration of the fabrication of Si@TisC, superstructures; (F) N
adsorption/desorption isotherms and corresponding pore-size distribution profile (inset) of Si@Ti3C, and TizCy; (G) The corresponding high-resolution XPS
spectra of O 1s; (H) Cycling performance of pristine Si and different Si@TisC, at a current density of 1 A-g~
Si@Ti3C, configurations® Copyright 2020 Elsevier.

) Rate-capability assessment of different

devised a novel method to create a 3D high-density structure (HD-Si@Ti3;C,T,@G) by employing dual encapsulation for silicon structure
and dense structure engineering.®® The process illustrated in Figure 8F shows positively charged silicon (Si) encased within negatively
charged TisC,T, MXene, forming a dense structure alongside graphene. This configuration effectively counters Si’s volume expansion
during cycling. The 3D network of TizC,T, MXene and graphene in the HD-Si@Ti3C,T,@G electrode ensures efficient electron transfer,
electrolyte wettability, and structural stability, addressing challenges such as sluggish ion and electron kinetics and instability in thick
silicon-based electrodes. The dense structure also enhances electrode’s density and volumetric performance. As a result, the compact
HD-Si@Ti3C,T, @G electrode achieves notable volumetric and areal capacities. As depicted in Figures 8G and 8H, due to its high conduc-
tivity (151 S/m) and 3D double-encapsulated Si structure, the HD-Si@Ti3C,T,@G anode maintains 3240 mAh-g_1 after 150 cycles at 0.1
A-g~" and 984.9 mAh-g~" after 800 cycles at 1.0 A-g™".

Chemical methods for making Si/MXene composites offer good structural control but have challenges like complexity, environmental
impact from by-products, and potential impurities that can affect material performance.

In situ growth of SiO, on reduced MXene surface

Silicon has a high capacity of 4200 mAh-g~", but its 400% volume expansion during cycling harms performance. To improve stability, nano-
scale Si particles and carbon coatings are used. TizC,Tx MXene has also been added as a buffer for Si anodes, but traditional synthesis
methods are complex and not suited for large-scale production. Jiang et al. introduced a simpler approach using magnesium thermal
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Figure 8. Anneal and heat treatment and self assembly are used to prepare composites

(A) Fabrication process of Si@NC/MXene composites; (B) TEM images of Si@NC/MXene composites; (C) N, adsorption/desorption isotherms for MXene, Si@NC,
and SI@NC/MX composites; (D) Cycling stability of electrodes with bare Si, SI@NC, and SI@NC/MX composites™ Copyright 2021 Elsevier; (E) Synthesis process
of HD-Si@Ti3C,T,@G monolith; (F) Microstructure and lithium storage mechanism of the dense electrode; (G) Cycling stability at 0.1 A-g™"; (H) Extended cycling
durability at 1.0 A-g~" for HD-Si@TisC,T, @G anodes with different mass loads™ Copyright 2022 American Chemical Society.

reduction to prepare Si/Ti3C,T, MXene, followed by coating with TiO, to form a sandwich-like Ti3C,@Si/SiO,@TiO, composite, as shown in
Figures 9Aand 9B.* The TisC,@Si/SiO,@TiO, composite achieved 939 mAh-g~" after 100 cycles at 500 mA g~ ' and 365 mAh-g~" after 250 cy-
cles at 1000 mA g™, with a Coulombic efficiency over 99.6%., as shown in Figures 9C and 9D.

Zhang et al. created Si/MXene composite materials through magnesium thermal reduction,®® converting MXene/SiO, to MXene/Si. Urea
formed a nitrogen-doped carbon layer around Si, resulting in a porous structure. This anode, with high lithium capacity and strong Ti-N
bonds, retained 76.4% capacity after 1,000 cycles at 10 C, as seen in Figures 9E-9H.

When using the magnesiothermic reduction method to reduce silicon dioxide, magnesium as a reducing agent has a very high reduc-
tion capability, which can effectively reduce the silicon source to elemental silicon, ensuring high purity of silicon in the composite ma-
terial. Additionally, magnesium is a relatively inexpensive and readily available reducing agent, giving the magnesiothermic reduction
method a cost advantage suitable for large-scale production. Despite its many advantages, the magnesiothermic reduction method
also has notable drawbacks. It typically requires high temperatures, which pose certain safety hazards. Moreover, the process produces
by-products such as MgO, which need to be further processed and removed; otherwise, they can affect the purity and performance of the
composite material.

SUMMARY AND OUTLOOK

Early diagnosis and continuous monitoring are crucial for effectively managing cardiovascular diseases (CVD). Currently, wearable devices
play a key role in the diagnosis and treatment of CVD by real-time monitoring of various cardiovascular health-related physiological param-
eters, such as heart rate, heart rhythm, blood oxygen saturation, blood pressure, and activity levels. Continuous technological advancements
in these devices, coupled with their widespread adoption, are expected to significantly enhance the prevention, monitoring, and manage-
ment of CVD, thereby providing strong support for global cardiovascular health. However, as wearable devices incorporate more functions,
the demand for high-performance LIBs increases. Flexible Si/MXene anodes are promising for wearable devices that monitor physiological
parameters. These anodes combine silicon’s high capacity with MXene's excellent conductivity and flexibility, making them ideal for stretch-
able electronics. While silicon’s volume changes during charging reduce battery life, MXene's structure helps accommodate this expansion
and maintain electrical contact. This combination enhances electrochemical performance and ensures the flexibility needed for wearables,
leading to more durable and efficient power sources for reliable physiological monitoring. This paper reviews recent progress on

iScience 27, 111217, November 15, 2024 9




¢? CellPress iScience
OPEN ACCESS

A
TEOS Mg TBT
\ > sol-gel > 4 _ Interface- "
A procgss : Recuctien amorphized .
B " - coating
TisCaTx Ti;C,@Si0, TisC,@Si/SiOx TisC, @Si/SIOX@TiO,
L Sio; i::. Porous Si SiOx Amorphous TiO,

:‘m " i . i it fifitiH 100
Loy o o Ticasision: A 0 ‘Bg Current Density: 100 mA g* $
a Ti,CL@siSiox A . ) THC,@SISiOx " g
E & Ti,CL@SISI0x1 LG = S . > TLC,@SUSIOX@TIO, H
£ it ‘M‘__— Current Density: 1000 mA g o
£ 3 . » TiyC,@Si/Siox ¢
S e o o TiC@SISIOx@Tio, ol
£ 2
B "3

o s
20 W @ 0 100 0 100 150 200 250
Cyclenumber Cycle number
E
TEOS _ Magnesium PMMA
Vo \ ~ A ~ Bt
650°C :
MXene MXene/SiO, MXene/Si  Carbonization MXene/Si@SiO,@C

F . - o G H 2000-

i Tizp < 100
- £1500 4 i 3
3 H g
= 21000 £
2 S s 5
g g H
E o 50 2 5
£ El
g 3

o 200 800 1000

464 460 456 400 600
Binding energy (eV) Cycle number

Figure 9. Magnesium thermal reduction are used to prepare composites

(A) The formation stages of the TisC,@Si/SiO,@TiO, composite; (B) HRTEM images of TisC,@Si/SiO,@TiO,; (C) Cycling performance of Ti;C,@Si/SiOx-1,
Ti3C,@Si/SiO,, and TisC,@Si/SiO,-2 anodes at 500 mA 94; (D) Cycling performance of TisC,@Si/SiO,@TiO, and Ti3C,@Si/SiO, anodes at various current
densities®” Copyright 2020 American Chemical Society; (E) Preparation process of MXene/Si@SiO,@C nanohybrids; (F) SEM images of MXene/Si@SiO,@C-2;
(G) Ti 2p XPS spectrum of MXene/Si@SiO,@C-2; (H) Cycling performance of MXene/Si@SiO,@C-2 over 1000 cycles at 10 c* Copyright 2019 American
Chemical Society.

Si/MXene composites for improving lithium-ion battery performance, discussing key factors affecting their efficiency and proposing strate-
gies to address challenges (Figure 10). It suggests focusing on: Optimizing Si/MXene structures at the nanoscale and surface functionalization
for better electrochemical properties and stability; Developing simpler, low-cost methods for composite preparation and large-scale produc-
tion; Studying interfacial reactions and stability with solid electrolytes to improve charge efficiency and cycle life; Exploring dopants like NH,
and C to enhance performance through optimized doping.

Physical methods for synthesizing Si/MXene composites include electrostatic assembly, ultrasonic mixing, and vacuum filtration, which
ensure uniform dispersion of Si within MXene, stabilizing electrode materials and reducing degradation. These methods help create densely
packed Si nanostructures for advanced LIBs, supporting flexible battery designs. Chemical methods, like annealing and hydrothermal pro-
cesses, control the structure, size, and surface properties of the composites, optimizing electrochemical performance. Si/MXene composites
can also be made by reducing in situ grown SiO, on MXene, improving stability and mitigating volume expansion. Although still in early
stages, Si/MXene electrodes show potential, with research focusing on refining production, improving interfaces, and exploring doping mod-
ifications for better performance and scalability. Table 1 outlines the synthesis techniques and evaluations of Si/MXene negative electrodes
for LIBs.
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